Abstract. The energy band structures of the warm dense plasmas with micro-structures inherited from single-walled carbon nanotubes are studied in detail by using the symmetry-adapted tight-binding model with the electron-ion core Coulomb interactions as the plasma effects. It is found that both the symmetry and the degeneracy of the calculated bands normal for the solid micro-structured targets may be destroyed by the electron-ion core Coulomb interactions. Moreover, the calculated Fermi levels of the micro-structured warm dense plasmas are about 1 eV higher than those of the original carbon nanotubes, while the transition energies of the warm dense plasmas are almost always smaller than those for the original carbon nanotubes.
INTRODUCTION
Warm dense matter (WDM) [1, 2] is the state of matter between the condensed and plasma states. As a transient state, WDM has a density of the same order as solid, and a temperature of a few tens of thousands of kelvins (a few electronvolts), and even possibly keeps the original ionic structure unchanged. The ultra-fast laser-target and particle-beam-target experiments are giving quantitative measurements on WDM during the sudden heating of the solid targets [3] [4] [5] [6] . With the availability of ultra-short (a few femtoseconds) extreme ultraviolet (XUV) lasers and other ultra-fast x-ray radiation sources, it is possible to ionize the electrons from a large fraction of the atoms at the focal region, producing the warm dense plasmas with the temperature of a few eVs, while keeping the original ionic structure unchanged because the ions' moving time scale is larger than a few picoseconds.
In the present paper, we adopt the common physical variable transition energies to characterize the energy band structures of the warm dense plasmas produced from single-walled carbon nanotubes (SWCNTs). By taking into consideration the Coulomb interaction between the free electrons and the not-yet-moved ion cores (referred as e-i Coulomb interaction hereafter.), the plasmas effects are investigated by using the symmetry-adapted nonorthogonal tight-binding model (SA-NTB) [7, 8] . The calculated results show sharp changes in the energy band structures of the warm dense plasmas in comparison with the original carbon nanotubes. 
RESULTS AND DISCUSSION
Both the hybridization of the − states and the overlap of the different atomic orbitals are considered in the SA-NTB model. The hamiltonian matrix elements and the overlap matrix elements are calculated for all atomic pairs in the range between 1 and 7 bohrs.
Energy band for the nanotube warm dense plasmas
As it is well known, the carbon tubes may be metallic or semiconducting. Therefore, as an example here we select the typical armchair tube (10, 10) and the zigzag tube (10, 0), which corresponds to the metallic and semiconducting states of tubes, respectively. First of all, in the left panel of Figure 1 , we show the calculated band structures of the tube (10, 10) obtained on the basis of the SA-NTB model. The results of the SWCNTs warm dense plasmas and the original solid tubes are represented by the solid lines (black) and the dashed lines (red), respectively. Obviously, the SA-NTB band structure of these SWCNTs warm dense plasmas deviates greatly from that of original tubes. In the case of the armchair tube (10, 10), though the crossings of the lowest conducting band and the highest valence band corresponding to the Fermi levels E F appear at the same wave vector of k = 2 /3, the Fermi level of the warm dense tube is about 1 eV higher than that of the original tube. This indicates that the Fermi level may be lifted up with the plasma effects introduced by considering the e-i Coulomb interaction. Furthermore, the bottoms of the other conducting bands, as well as the tops of the other valence bands, calculated in the presence of the plasmas effects of the e-i Coulomb interaction are localized far away from the Brillouin zone boundary of k = , relative to the case without the plasmas effects denoted by the dashed lines. Moreover, the energy level degeneracy of original tubes at the Brillouin zone boundary is wholly removed and some new kinds of degeneracy appear. This demonstrates that the e-i Coulomb attraction interaction in the SWCNTs warm dense plasmas can lower the symmetry of the band structures with respect to the Fermi level and destroy the degeneracy of the band structures at k = . For comparison, the energy-band structure of the zigzag tube (10, 0) is shown in the right panel of Figure 1 . Obviously a gap between the conducting band and the valence one is observed, clearly showing the semiconducting property of the tube. Just as the armchair tube (10, 10), the calculated Fermi level of the warm dense tube (10, 0) is also about 1 eV higher than that of the original tube (10, 0). The transition energy E 11 = 0.84 eV of the warm dense tube is a little higher than that E 11 = 0.77 eV of the original tube, while the transition energy E 22 = 1.25 eV of the warm dense tube is much lower than that E 22 = 1.89 eV of the original tube because the second lowest conduction-band state is pulled down and the second highest valance band states is pushed up. It is demonstrated that the symmetries of the energy bands for both the (10, 10) and (10, 0) tubes are significantly lowered on account of the different hybridization of the − states induced by the curvature on the different C-C bond.
Transition energies for the warm dense plasmas from the original semiconducting carbon nanotubes
In the following, we turn to investigate the transition energies which can be used to characterize the optical excitations in the SWCNTs by using the SA-NTB model proved by Popov [7, 8] . The transition energies E 11 and E 22 of 32 different SWCNTs warm dense plasmas (left panel) and original solid SWCNTs (right panel) with their diameters in the range of 0.75 − 1.32 nm are obtained as plotted in Figure 2 . The integer numbers in the figures are used to denote the 2 n + m family numbers, that is to say, each number of 2 n + m represents one family. It can be found that the transition energies E 11 and E 22 closely depend on the SWCNTs' diameters and chiral angles, as well as the values of ν = Mod(2 n + m, On the other hand, the curves in Figure 2 show sharp differences. The first is that the transition energies of SWCNTs show different deviations from the linear fit line of E ii ∝ 1/dt. For E 11 transitions, the ν = 1(Mod1) branches bend upwards from the linear fit line, while the ν = 2 (Mod2) branches downwards. In contrast, the situation for E 22 transitions is different, where the Mod 1 branches bend downwards and the Mod 2 branches upwards. However, in Figure 2(b) , for E 11 transitions, the ν = 1(Mod 1) branches bend downwards from the linear fit line, while the ν = 2 (Mod2) branches upwards. Also, the situation for E 22 transitions is that the Mod 1 branches bend upwards and the Mod 2 branches downwards. Under the influence of the e-i Coulomb interaction in the SWCNTs warm dense plasmas, the E ii property dependence on the chirality for the Mod 1 SWCNTs seems to be contrary to that for the Mod 2 SWCNTs. The second is that the transition energies E ii correspond to the data in Figure 2 (a) and (b), respectively. This behavior can be understood well by the plasmas effects.
SUMMARY
Using the SA-NTB model supplemented by the e-i Coulomb interaction as the plasma effect, we investigate the transition energies E ii of the different semiconducting SWCNTs warm dense plasmas. It is shown from our calculations that the e-i Coulomb interaction or the plasma effects on the transition energies depend on the original SWCNT's diameter and chirality. Within the same 2 n + m family, the transition differences (E ii ) caused by the plasma effects on the higher energy branch increase with decreasing the chiral angle, while those on the lower energy branch decrease with decreasing the chiral angle. The Fermi level of the warm dense matter/plasma is also found to be lifted up about 1 eV compared to the cold SWCNTs.
